The timescale of structural relaxation in a silicate melt defines the transition from liquid (relaxed) to glassy (unrelaxed) behavior. Structural relaxation in silicate melts can be described by a relaxation time, z, consistent with the observation that the timescales of both volume and shear relaxation are of the same order of magnitude. The onset of significantly unrelaxed behavior occurs 2 loglo units of time above z. In the case of shear relaxation, the relaxation time can be quantified using the Maxwell relationship for a viscoelastic material; Zs=r/s/G~ (where Zs is the shear relaxation time, G~ is the shear modulus at infinite frequency and t/s is the zero frequency shear viscosity). The value of Go is known for SiO 2 and several other silicate glasses. The shear modulus, Go, and the bulk modulus, K~, are similar in magnitude for every glass, with both moduli being relatively insensitive to changes in temperature and composition. In contrast, the shear viscosity of silicate melts ranges over at least ten orders of magnitude, with composition at fixed temperature, and with temperature at fixed composition. Therefore, relative to qs, Go may be considered a constant (independent of composition and temperature) and the value of %, the relaxation time, may be estimated directly for the large number of silicate melts for which the shear viscosity is known.
Introduction
There now exist a number of studies of physical properties of silicate melts that demonstrate a frequency-or strain-rate dependence of the observed property (e.g., acoustic velocities, Laberge et al. 1973 , Sato and Manghnani 1985 , Rivers and Carmichael 1987 : viscosity, Li and Uhlmann 1970 , Simmons et al. 1982 . In these studies the timescale of relaxation (or response) of the silicate melt structure is similar in magnitude to, or longer than, the timescale of observation and the observed properties correspond to an unrelaxed state. In addition, there is a wealth of data on the relaxed properties of silicate melts (e.g. shear viscosity, Ryan and Blevins 1987; density, Lange and Carmichael 1987) . The key to predicting relaxed and unrelaxed behavior in silicate melts is the determination of the liquid-glass transition in time-temperature space for each silicate melt composition.
This paper emphasizes that all the available evidence from a variety of experimental sources (e.g. shock wave, ultrasonic, fiber elongation, torsional testing, concentric cylinder viscometry, scanning calorimetry, 29Si NMR) is consistent with the description of the liquid-glass transition as a curve in time-temperature space, whose location can be predicted from shear viscosity data for each composition.
The Glass Transition
The liquid to glass transition occurs when the liquid cannot achieve an equilibrium response to an external perturbation of its state (e.g., a variation in temperature, stress, electric, or magnetic field). For example, the glass transition is observed in viscometry when the timescale of the liquid response (or relaxation) becomes longer than the timescale of observation (defined as the inverse of the strain-rate). Correspondingly, the glass transition is observed in ultrasonic measurements of melt properties when the angular frequency of the acoustic wave becomes greater than the inverse of the relaxation time.
The glass transition is often described by a single characteristic temperature (Tg) which is termed the glass transition temperature. Defining the glass transition as a single temperature follows from the fact that most laboratory methods used to measure the glass transition (e.g., scanning calorimetry, dilatometry) are usually performed on a laboratory timescale of several seconds to several minutes. Therefore, the time available for the relaxation of the material of interest in response to the applied perturbation is essentially constant. More generally, the glass transition is described by a curve in temperature-time space with increasing temperature reducing the time required for structural relaxation (e.g., Tauke et al. 1968 ). For each silicate melt composition, the relaxation time curve divides temperature-time space into two regions; the liquid field (long timescales and high . At any given temperature, rates of perturbation faster than the rate of structural relaxation lead to glassy or solid-like responses, while rates of perturbation slower than that of structural relaxation lead to liquid-like responses of the material.
Structural Relaxation
The response of a material to each perturbation will have its own relaxation (equilibration) timescale. Different structural components of a material will also respond to the same perturbation on differing timescales. Therefore a glass transition may be described for every perturbation and its associated property. This paper is confined to the discussion of the slowest structural relaxation in liquids in response to changes in the stress field. In general, a change in the stress field will result in a combination of volume and shear relaxation, but below we show that the timescales of both volume and shear relaxation are similar in silicate liquids. Figure 1 illustrates the frequency-dependent modulus and viscosity calculated for a viscoelastic material, with relaxation time z, in response to the application of a sinusoidal perturbation (e.g., an acoustic wave). The observed modulus of a material is determined as the ratio of stress o-to strain e (Nye 1957). For a viscoelastic material, the strain due to the application of a constant stress has contributions from both elastic and viscous properties (Jackson 1986); e(t) _ (M-1 + t/t/) where co(= 2n f) is the angular frequency of the stress wave, Mo is the relaxed modulus of the material, Mo + M=M~ is the unrelaxed modulus and z is the relaxation time of the material. The modulus determined from the application of a sinusoidal perturbation has a real, M'(co), and an imaginary component, M"(co). These components are commonly termed the storage and loss moduli, respectively (Mills 1974 , Rosen 1982 , as they describe the storage and the loss of energy from the applied perturbation to the material. From Equation 3, and Figure 1 , it can be seen that the observed modulus approaches the value of the elastic (unrelaxed) modulus of the material when co z >> 1. The viscosity of a material is the ratio of the stress, a, to the strain-rate, ~. The viscosity of a viscoelastic material, determined by the application of a sinusoidal stress, is (Bird et al. 1977) ;
where t/is the Newtonian viscosity of the material. Again, it is seen that the observed viscosity is a function of the frequency of the perturbation. Analogous to the modulus, there exist loss, t/'(co), and storage, t/"(~o), viscosity terms. The imaginary parts of the modulus and viscosity are described by Debye functions (Nowick and Berry 1972) . Therefore, the FWHM of the imaginary peak is 1.144 log units in frequency or time space, and significant deviation (2%) from relaxed behavior is expected to occur 2 log units above the relaxation time z = (2n f)-1.
Equations 3 and 4 describe the frequency-dependence of the shear, longitudinal and volume viscosities and moduli. Given that the longitudinal modulus M, is a function of the shear and volume (bulk) moduli, G and K, respectively (Nye 1957), M =-K + 4 G/3 (5) the longitudinal viscosity is also a function of the shear and volume viscosities,
For frequencies such that coz ~ 1, the viscous properties of the material dominate the observed stress/strain behavior, whereas for frequencies where ~o z >> 1, the elastic properties of the material dominate the observed behavior. In the region where coz ~ 1, viscous and elastic behavior coexist and the attenuation coefficient, c~, of the perturbation travelling through the material at these frequencies can be determined 
If the relaxation of a liquid is described by a distribution of relaxation times, the width of the M"(co) and ~2 curves in coz space will be larger than the Debye function width.
